
THE EFFECT OF MICROORGANISMS ON PROCESSES O F  WEATHERING PRlMARY MINERALS 

M. A .  Glazovskaya 

I zves t iya  Akademii nauk SSSR, Seriya Pochvennaya, No. 6, pp 79-100, 1950 

- - - 

GPO PRICE $ 

CFSTI PRICE(S) $ 

4d Translated For 

4800 Oak Grove Drive 
Pasadena, Cal i forn ia  

Jet Propulsion Laboratory Hard copy (HC) 3. 
Microfiche (MF) , ; 63’ 

W 663 July 66 
lSC7 



THE EFFECT OF MICROORGANISMS ON PROCESSES OF WEATHERING PRIMARY MINERALS 

M. A. Glazovskaya 
, 

Observations of na tu re  show t h a t  the  su r faces  of b a r e  rocks, p a r t i c u l a r l y  /79*' 
those populated by l ichens ,  support  a varied microflora.  

This i s  ind ica t ed  by inves t iga t ions  by V. 0. Kalinenko (1932) and V. P. 
Tauson (1948) i n  the  Pami r s ,  d e t a i l e d  s tudies  by D. M. Novogrudskiy (1949) of 
specimens of weathered g r a n i t e s  from the  Cen t ra l  Tien-Shan, and microbiological 
research by N.  A. Krasil 'nikov (1949) on var ious  rocks from Armenia, and a 
series of o the r  s tud ie s .  

It is  p resen t ly  known t h a t  rock sur faces ,  even i n  the n i v a l  zone on moun- 
t a i n s ,  is  populated by a var iega ted  f l o r a  of green and blue-green algae,  while 
t h e  weathered c r u s t s  and rock cracks are t h e  h a b i t a t  of numerous b a c t e r i a ,  
fungi,  and actinomycetes i n  add i t ion  t o  the  algae.  

A number of i nves t iga to r s  no te  no t  only t h e  presence of microorganisms on 
t h e  rock su r face ,  b u t  a l s o  t h e i r  e ros ive  a c t i o n  on rocks, which i s  p a r t i c u l a r l y  
g r e a t  on limestones. 

A number of experimental papers have s tud ied  the p o s s i b i l i t y  of micro- 
organism breakdown of ind iv idua l  minerals. 

Bassalik's s t u d i e s  i n  1912 and 1913 demonstrated t h a t  c e r t a i n  b a c t e r i a  are 
capable of decomposing o r thoc la ses  wi th  the  l i b e r a t i o n  of potassium and s i l ica .  
P a r t i c u l a r l y  powerful e ros ion  Of orthoclase (up t o  3.5% of t h e  o r i g i n a l  weight) 
w a s  a sce r t a ined  i n  c u l t u r e s  of Baci l lus  extorquens, which possess g r e a t  resp i -  
r a t o r y  energy. 

V .  I. Vernadskiy (1921) experimentally demonstrated t h a t  diatom a lgae  of 
t h e  genus Ni tzchia  can decompose kaolin.  
(1942) corroborated t h e  capacity of algae t o  break down n a c r i t e  i n  a pure cul- 
t u r e  and i n  combination with azotobacter. 

A. P. Vinogradov and Y e .  A. Boychenko 

I n  t h e  la t ter  case [ a lgae  f azotobacter] t h e  n a c r i t e  breakdown is consid- 
e rab ly  more in tense .  

Experimental research by B. B. Polynov and P. F. Martynov (1931) estab- 
l i s h e d  t h e  decomposition of si l icates and a luminos i l i ca t e s  i n  connection with 
processes of desu l fu r i za t ion  and subsequent oxidation. 

While studying t h e  genesis of podzolic s o i l s ,  N. P. Remezov, L. Ye.  Novoro- 
ssova, and N .  N. Sushkina (1947) discovered t h a t  they contained b a c t e r i a  cap- 
a b l e  of decomposing a luminos i l ica tes  and si l icates  (microcline, kaol in ,  and, 
i n  p a r t i c u l a r ,  o l iv ine ) .  

*'Note: Numbers i n  t h e  margin i n d i c a t e  pagina t ion  i n  o r i g i n a l  fo re ign  t e x t .  



." . , .  

In 1948 R. N. Pilovskaya found b a c t e r i a  i n  phosphorites capable of conver- 

By our own research (1950) i t  has  been e s t ab l i shed  t h a t  t h e  su r face  of 

t i n g  calcium triphosphates i n t o  so luble  forms, 
, 

weathered rocks i n  t h e  n i v a l  region of t h e  Cent ra l  Tien-Shan a t  absolu te  a l t i t u d e s  
of 4000 meters and above is abundantly populated wi th  microorganisms. 

It seemed t o  us t o  be of i n t e r e s t  t o  c l a r i f y  the  r o l e  played by t h i s  abund- /80 
a n t  and var ied  microflora i n  the  processes of weathering primary minerals and 
the  syn thes i s  of secondary new formations. 

B e l o w  w e  g ive  t h e  r e s u l t s  of our experimental work conducted i n  the  Labo- 
r a t o r y  of Soil Genesis of t h e  I n s t i t u t e  of Pedology of the Academy of Sciences, 
Kazakh SSR. 

We performed t h e  microbiological po r t ion  of t h e  work i n  constant consul- 
t a t i o n  w i t h  D. M. Novogrudskiy. 

The chemical analyses,  which demand g r e a t  care i n  execution, were performed 
by V. S. Sukhenko. We express our s i n c e r e  g r a t i t u d e  t o  these  persons f o r  helping 
i n  t h e  work. 

Problems, Materials,  and Methods of Research 

I n  s e t t i n g  up t h e  experimental i n v e s t i g a t i o n s  of t h e  effect:  of microorgan- 
i s m s  on minerals,  w e  endeavored t o  e l u c i d a t e  t h e  following matters: 

(1) Do microorganisms which a r e  capable of a c t i v e l y  a f f e c t i n g  minerals 
and of ex t r ac t ing  elements necessary t o  l i f e  from them, inhab i t  t he  su r face  of 
rocks i n  the  n i v a l  region? 

(2) I f  t he re  are microorganisms of t h a t  s o r t ,  what groups of them e x e r t  
t h e  g r e a t e s t  e ros ive  e f f e c t ?  

(3) 
process? 

Do pro to t rophic  and o l igon i t rophy l l  microorganlsms take p a r t  i n  t h i s  

( 4 )  What are t h e  minerals which are s u b j e c t  t o  the g r e a t e s t  degree of 
weathering from microorganism action? 

For experimentation w e  chose minerals containing t h e  var ious  mineral  ele- 
ments necessary t o  t h e  l i f e  of microorganisms. Orthoclase, muscovite, and 
b i o t i t e  were u t i l i z e d  as the  source of potassium; b i o t i t e  and serpent ine ,  as 
the  source of magnesium, O f  t he  minerals containing phosphorus we chose a p a t i t e ,  
while t he  sulfur-containing minerals w e r e  represented by pyr i te .* '  

Two specimens of g r a n i t e  were chosen i n  addi t ion .  W e  gathered specimen 1 
a t  an absolu te  a l t i t u d e  of 3800 meters i n  the  v i c i n i t y  of t h e  Tien-Shan Observa- 
t o ry  of the  Academy of Sciences USSR, and i t  represents  t h e  su r face  por t ion  of 

* 'The minerals were obtained from t h e  Geological Museum of t h e  Academy of 
Sciences, Kazakh SSR. 
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' t h e  rock. Specimen 1 is a heavi ly  weathered, l i g h t  gray, fine-grained g r a n i t e  
Specimen 2 i s  a f r e s h  g r a n i t e  w i t h  a f e e b l e  touch of with no l i chen  covering. 

weather ing ' taken  from f a l l s  of rock i n  t h e  watershed reg ion  of t h e  Terskey-Alatau 
Range above Ashuter Glac ie r  (absolute height 4200 meters).  

TABLE I. BULK ANALYSES OF ROCKS AND MINERALS USED FOR DECOMPOSITION 
(IN PERCENTAGES OF THE FIRED MINERAL) 

N a m e  of: Loss From 1 sio, ~ A I ~ C J ,  /P~,o, [ P,O, 1 C ~ O  1 E I ~ O  I K , 0  I SOJ 
Order Number Object F i r ing  

1 Grani te  
. 2  Orthoclase 

3 Muscovite 
4 B i o t i t e  
5 Serpentine 
6 Lichen 

0,40 
0,17 
1 .no 
0.50 
7,26 

Table I gives the  bulk analyses of the  minerals and rocks. Weighed por- /81 
I 

t i o n s  of t h e  minerals (from 0.5 t o  5 grams), crushed f i n e  and passed through a 
0.25 mm mesh s i eve ,  w e r e  placed i n  100 cc Erlenmeyer f l a s k s ,  flooded with 10 cc 
of d i s t i l l e d  w a t e r  o r  n u t r i e n t  medium, and s t e r i l i z e d .  . 

The n u t r i e n t  media were of the following composition (a l l  media made w i t h  
d i s t i l l e d  water):  

1. Complete n u t r i e n t  medium: H20 - 200 cc, K3HP04 - 0.1 gram, 

MgC12 - 0.04 gram, C a C 1 2  - 0.02 gram, (NH4)2S04 - 0.2 gram. Glucose - 4.0 gram. 

2. Nut r ien t  medium without potassium: H20 - 200 cc, Na2HF'04- 0.2 gram, 

MgC12 - 0.04 gram, C a C 1 2  - 0.02 gram, (NH4)2S04 - 0.2 gram. Glucose - 4.0 gram. 

3 .  Nutr ien t  medium without phosphorus: H20 - 100 cc, K2S04 - 0.1 gram, 

MgC12 - 0.02 gram, (NH4)2S04 - 0.1 gram. Glucose - 4.0 gram. 

4. Nut r ien t  medium without magnesium: H20 - 100 cc, K2HP04 - 0.05 gram, 

CaC12  - 0.02 gram, (NH4)2S04 - 0.1 gram. 

5. Nut r ien t  medium without su l fu r :  

- 0.1 gram, 

Glucose - 2.0 gram. 

H20 - 100 cc, K2HP04 - 0.05 gram, 

Glucose - 2.0 gram. C a C l a  - 0.02 gram, (NH ) NO 4 2  3 

6. Nutr ien t  medium without magnesium, potassium, o r  calcium: H20 - 100 CC, 

Na2HP04 - 0.05 gram, (NH4)2S04 - 0.1 gram. Glucose - 2.0 gram. 

7. Nutr ien t  medium without potassium, magnesium, phosphorus, o r  calcium: 

H2 - 100 cc, (NH4)2S04 - 0.01 gram. Glucose - 0.01 gram. 

8. Nut r ien t  medium wi th  traces of C and N: H20 - 200 g. Glucose - 0.01 
gram, Peptone - 0.04 gram. 3' 



The weathered c r u s t s  of g r a n i t e  s t e r i l e l y  co l l ec t ed  a t  an abso lu te  a l t i t u d e  
of 4250 meters i n  t h e  Terskey-Alataus served as t h e  inocula t ing  material. 

The su r face  po r t ion  of t h e  c r u s t s  was scraped off w i th  a sterile l ance t ,  
and 0.5 gram of f i n e l y  crushed material w a s  shaken up i n  10 cc of s te r i le  water. 
The mineral  powders i n  the  f l a s k s  suffused w i t h  n u t r i e n t  media and s t e r i l i z e d  , 
w e r e  inoculated wi th  two drops of the suspension obtained. 

Two series of experiments were performed. The f i r s t  series included a l l  
the  above-listed minerals and the  heavily weathered g r a n i t e  (specimen 1). 
f i r s t  series of experiments w a s  l a i d  out i n  t h e  following pa t te rn :  

The 

1. Mineral + d i s t i l l e d  w a t e r  w a s  s t e r i l i z e d  and l e f t  without inocula- 
t i o n  t o  record t h e  changes occurring i n  t h e  sterile medium. 

2. Mineral + incomplete n u t r i e n t  medium without t h e  elements present  i n  
t h e  mineral;  e.g., o r thoc lase  +medium without potassium, a p a t i t e  +medium 
without phosphorus, b i o t i t e  + medium without potassium, magnesium, o r  calcium, 
and so on. 

3.  Aggregate of minerals + incomplete n u t r i e n t  medium; e.g., muscovite, 
a p a t i t e ,  s e rpen t ine  + medium without potassium, phosphorus, magnesium. 

4. Gran i t e  + d i s t i l l e d  water. 

5. Gran i t e  + water wi th  a small amount of organic  carbon and organic  
I 

nitrogen. I 

1 

6. Gran i t e  + complete n u t r i e n t  medium. 

Except f o r  t h e  con t ro l  f l a s k s ,  a l l  t h e  o the r s  w e r e  inoculated wi th  t h e  
suspension a f t e r  addi t ion  of the  nut r ien t  media and s t e r i l i z a t i o n .  

The f l a s k s ,  covered i n  b lack  paper, stood a t  room temperature f o r  / 8 2 '  
s i x  months (from 3 June 1948 t o  5 January 1949). 
t i l l e d  water w a s  s t e r i l e l y  added t o  t h e  minerals t o  b r ing  the  amount back t o  
i t s  previous volume. 

A s  t h e  l i q u i d  d r i ed  up, dis-  
' 

Every week microscopic observations of t h e  appearance of microorganisms, 
t h e i r  development, and , the  change i n  the appearance of t h e  minerals w e r e  con- 
ducted. 
on t h e  bottom of the  f l a s k s  and of the l i q u i d  medium above t h e  minerals. 

I 

A t  t h e  end o f '  t h e  experiment, smears w e r e  taken of the minera l  depos i t  

The smears w e r e  f ixed ,  s t a ined  w i t h  a phenol s o l u t i o n  of e ry th ros in  by 
t h e  Vinogradskiy method, and examined under t h e  microscope. Inocula t ions  were 
made from a l l  t h e  f l a s k s  onto s o l i d  and l i q u i d  peptone-sugar media, potato- 
sugar media, and Capek's medium. 

, 

The contents  of t h e  f l a s k s  were evaporated u n t i l  dry and success ive ly  
t r e a t e d  wi th  a 0.5 
t h e  sesquioxides and s i l ica  f reed  during decomposition of t h e  minerals. 

s o l u t i o n  of NaOH and a 0.05 s o l u t i o n  of H C 1  t o  extract 1 

I 
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I n  t h e  hydrochloric f i l t r a t e ,  t he  S i 0 2  w a s  determined by t h e  grav imet r ic  

method, Fe203 by the  volumetric method and co lo r ime t r i ca l ly  wi th  s u l f o s a l y c i l i c  

ac id ,  A1203 i n  t h e  form of hydroxyquinolate by colorimetry,  K20 by t h e  cobal t  

n i t r i t e  method, and C a O  by p r e c i p i t a t i o n  w i t h  o x a l i c  ac id  and subsequent volu- 
met r ic  determination. 

I n  t h e  a l k a l i n e  e x t r a c t  Si02 (gravimetrically) and A1203 (co lor imet r ica l ly)  

were determined. 

Microscopic sc ru t iny  of t h e  mineral res idues  a f t e r  treatment wi th  a c i d  and 
a l k a l i  d i sc losed  incomplete so lu t ion  of t h e  ske le tons  of diatom a l g a e  i n  the  
0.05 a l k a l i n e  so lu t ion .  Therefore, the da t a  given i n  Table I11 on the  amor- 
phous s i l i ca  content are reduced. 

The f i r s t  series of experiments, moreover, had no con t ro l  f l a s k s  w i t h  a 
complete n u t r i e n t  medium (except f o r  gran i te ) .  
account f o r  microorganism growth under optimum condi t ions  and i n  an incomplete 
medium + mineral. 

W e  w e r e  t he re fo re  unable t o  

A second series of t h e  experiments w a s  t he re fo re  set  up i n  which g r a n i t e  
(specimen 2) and the potassium-containing minerals or thoc lase ,  muscovite, and 
b i o t i t e  were used ( the  mineral por t ions  weighed 1.0 - 0.5 gram). 

The p a t t e r n  w a s  as follows: 

1. Mineral + d i s t i l l e d  w a t e r  ( the cont ro l ) .  

2. Mineral  + d i s t i l l e d  water (inoculated) . 
3. Mineral + incomplete n u t r i e n t  medium. 

4 .  Mineral + complete n u t r i e n t  medium. 

I n  add i t ion  an inves t iga t ion  was  made of whether microorganisms could u t i -  
l i z e  the organic  matter and mineral  elements of l i chens .  
shown t h a t  dus t  usua l ly  containing spores and fragments of l i chen  hyphae set- 
t l e d  on t h e  su r face  of naked rocks i n  the n iva l  region. 
w e r e  a l s o  made of t h e  mineral  change and microorganism development under t h e  
conditions of: 

Our observations had 

Paral le l  observations 

1. Mineral + water wi th  t r aces  of carbon and n i t rogen  (glucose and peptone). 

2. Mineral  + w a t e r  + b i t s  of Gyrophora l ichen. 

Af t e r  s t e r i l i z a t i o n  and subsequent inocula t ion ,  t h e  second series of f l a s k s  
stood a t  room temperature f o r  t h ree  months (from 3 March t o  10 June 1949). During 
t h i s  per iod ,  j u s t  as i n  t h e  f i r s t  s e r i e s  of experiments, development of t h e  micro- 
organisms was  microscopically traced and a t  t h e  end of t he  standing t i m e  smears 
f o r  microscopic study and inocula t ions  onto n u t r i e n t  media were made. 

5 
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Specia l  p repara t ions  w e r e  made f o r  studying the a l t e r a t i o n s  which had /83 
occurred i n  t h e  minerals themselves. 
erals w e r e  accounted f o r  by s t a i n i n g  w i t h  p repara t ions  of malachite green and 
pa ten t  b l u e  (by V. T. Belousova's method). 

The newly-formed secondary clayey min- 

The a i r -dr ied  res idue  i n  the  f l a s k s  w a s  t r e a t e d  wi th  100 cc of w a t e r .  
A f t e r  f i l t r a t i o n ,  t h e  potassium i n  t h e  f i l t r a t e  w a s  determined i f  i t  had not  
been introduced toge ther  wi th  t h e  nu t r i en t  medium. The r e s idue  on the  f i l t e r s  
w a s  again flushed o f f  i n t o  f l a s k s  w i t h  5% NaOH and made i n t o  the usua l  a l k a l i n e  
e x t r a c t  w i th  subsequent determination of t he  Si02 and A1203. 

Results of Inves t iga t ions  

I n  t h e  f i r s t  series of f l a s k s ,  changes v i s i b l e  t o  t h e  eye began t o  occur 
on the  t h i r d  day a f t e r  inocula t ion .  I n  some f l a s k s  t h e  l i q u i d  above t h e  m i n -  
erals became tu rb id  and i n  s e v e r a l  concentric colonies of fungi  (with a white 
mycelium) appeared. On t h e  t en th  day, considerable g e l a t i n i z a t i o n  of t h e  min- 
erals i n  the inoculated f l a s k s ,  increased t u r b i d i t y ,  and t h e  formation of f l o c s  
had become percept ib le .  
with green spores. By the  end of t he  second month, t h e  microorganisms had 
a t t a i n e d  their maximum development and the rea f t e r  no v i s i b l e  changes occurred 
i n  t h e  f l a s k s ,  except t h a t  i n  s e v e r a l  f l a sks  wi th  abundant growth of fungi  of 
t h e  genus Penic i l l ium gradually darkening w a s  detected wi th  continued standing, 
and w a s  followed by a c q u i s i t i o n  of a brown color  by t h e  l i q u i d  and t h e  mineral  
depos i t .  Table I1 gives  the f ind ings  on the state of the minerals and t h e  
group composition of t h e  microorganisms a t  the t i m e  the experimental readings 
w e r e  made ( a f t e r  six months). 

I n  t h e  f l a s k s  with fungi t h e  mycelium w a s  covered 

No v i s i b l e  changes i n  t h e  mineral  deposit took p lace  i n  t h e  con t ro l  f l a sks .  
Inocula t ions  from these  f l a s k s  onto n u t r i e n t  media likewise f a i l e d  t o  d isp lay  
microorganisms. The confident statement may thus be made that h e r e  t h e  min- 
erals changed only under the  e f f e c t  of the water and of t he  gases dissolved 
t h e r e i n  (oxygen, carbon dioxide) . 

I n  t h e  media containing p y r i t e  as the s u l f u r  source, no v i s i b l e  changes 
i n t h e  minerals were discovered e i t h e r ,  but t h e  s o l u t i o n  i n  t h e  pyrite-containing 
f l a s k s  became s l i g h t l y  yellowish, although i t  remained t ransparent .  Oxidation 
of t h e  p y r i t e  apparently generates l a rge  q u a n t i t i e s  of 
t h i s  h inde r s  microorganism growth. 

s u l f u r i c  ac id ,  and 

A s m a l l  number of b a c t e r i a l  cells was de tec ted  on t h e  s u r f a c e  of t h e  min- 
erals i n  the media containing o t h e r  minerals (orthoclase,  a p a t i t e ,  se rpent ine)  
i n  add i t ion  t o  p y r i t e .  

Rather abundant b a c t e r i a l  growth was found on g r a n i t e  specimens t o  which 
e i t h e r  no n u t r i e n t  elements o r  t r a c e s  of carbon and n i t rogen  had been added. 
A whi te  b a c t e r i a l  slime covered t h e  sur face  of t h e  minerals,  and the s o l u t i o n  
above them had a l s o  become turb id .  Most of t h e  mineral  g ra ins  displayed coc- 
coid b a c t e r i a l  agglomerations surrounded by s l i m e  a f t e r  e ry th ros in  s t a i n i n g  of 
t h e  prepara t ions .  The c e l l s  of t h i s  bac t e r i a  are arranged on t h e  prepara t ions  
without apparent order  and form s h o r t  chains only i n  spots.  The s i z e  of t h e  
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1: 

2 

3 

4 

5 

6 

7 

8 

9 

10 

/84 TABLE I V  

Microorganism Group 
. Composition 

Grani te  

Grani te  

Gran i t e  

Grani te  

aa) I3 
a cdk 
M a, ad G Y a ,  

G a )  *d 

Sta te  of Material 
on Taking Experi- :: a 2 7 .,, Z % $ $ Z  rl rl rl Order N a m e  of Compos i t  i on 

Number Material of Medium mental Readings a GI 4 4 

No Changes 

White Bac te r i a l  
S l i m e  

Orthoclase 

Orthoclase 

Muscovite 

Mus covi t e 

B i o t i t e  

B i o t i t e  

H 0 (unino- 
cu la  ted) 

H20 (inocu- 
l a t e d )  

H20 traces of 
C,N 
Complete 
Nut r ien t  
Medjum 

2 

1 ' 1  

H 0 (unino- 
cu la ted)  

Complete 
Nut r ien t  
Medium 
Wihtout 
Potassium 

2 

H 0 (unino- 
c u l a t  ed) 

Complete 
Nut r ien t  
Medium 
Without 
Potassium 

2 

H 0 (unino- 
cu la  ted) 

Complete 
Nut r ien t  
Medium 
Without 
Potassium 

2 

Abundant Whit e 
Bacterial S l i m e  

Tiny Well-Shaped 
Colonies of Peni- 
c i l l i um Cover 60% 
of t h e  Surf ace; 
Material i s  G e l -  
a t  i n i  ze d 

No Changes 

Tiny co lonies  of 
Penicil l ium co- 
ver 90% of t h e  
sur face ;  f eeb le  
white b a c t e r i a l  
s l i m e  

No Changes 

Tiny Penic i l l ium 
colonies cover 
80% of the  sur- 
face; material 
ge l a t in i zed  and 
colored yellow 

No Changes 

Tiny Penic i l l ium 
colonies cover 
70% of t h e  sur- 
face; material 
ge l a t in i zed  

++'I - I - I + .  
: t i  /+++I + 1 i- 
' - 1 - 1 - 1 -  

I 
1 : + +  l + + + l  - I - 

i 
I 

I : - I - I - 1 - .  I 

I 
I t  

- 7  I+.++( + I - 
I 
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TABLE IV 

Microorganism Group 
C omp os i t i o n  

0 
- 0  

VI a 9 2  ' 
M Q) +I 8 0  G l a l  c3 

on Taking Experi- L) a 5 .d abn a s b n  4 
State of Material a 0 0 a 

Order N a m e  of Composition 
Number Material of Medium mental Readings Fr 

H 0 (unino- 
culated) 

Complete 
Nut r ien t  
Medium . 
Without 
Phosphorus . 

2 11 A p a t i t e  

12 Apat i t e  Tiny dark-green 

lon ie s  and abund- 
an t  b a c t e r i a l  
slime; yellow 
colora t ion  

Penicil l ium co- + +  j + + + l  I + 

13 

14 

H 0 (unino- 
cu la ted)  

Comp l e t  e 
Nut r ien t  
Without 
Magnesium 

2 Serpentine 

Serpentine 

No Changes n-1- ! I I Large Penic i l l ium 
colonies cover 90% 
of  t he  sur face ;  
material g e l a t i n i z e d  
and colored yellow 

White Bacterial S l i m e  + +  
Sparse 

++*!+*+I + I + 

H + l +  H 2 0  traces of 
C,N,S 

15. 

16 

17 

O r  tho clas e 
Apa t i t e  
Serpentine 

Orthoclase 
Apa t i t e  
Serpentine 
P y r i t e  

Muscovite 
Apa t i t e  
Serpentine 

Muscovite 
Apa t i t e  . 
Serpentine 
P y r i t e  

P y r i t e  

No Changes H20 traces of 
c ,N 

H 0 traces of 2 
C,N, s 

Abundant White 
bacterial  s l i m e  + 

18 

- 19 

No Changes H 2 0  traces of 
C,N 

Complete 
Nut r ien t  
Medium 
Without 
Su l fu r  

No changes; 
s o l u t i o n  
colored 
yellow 



TABLE IV 

Microorganism Group 
C omp os i t i o n  

d - 3 a  
crt ! 3 a  
*d rOk 
$4 c3 

State of Material 2 ” ’ ’ u r d  a a l r d  
c) r d M  a l 3 M  Order ’ N a m e  of Composition on Taking Experi- rd iY a d d  h d d  

Number Material of Medium mental Readings -t c3 

i P y r i t e  Complete No changes; 

- ! - \ - I -  Nutrient so lu t ion  
Medium colored 

20 

yellowish 

Note:-Denotes no microorganisms; + few; ft f a i r l y  many; *,very many. 

b a c t e r i a  is 1.2 - 1.3 microns. H e r e ,  too, w a s  de tec ted  a s m a l l  number of diatom 
and green algae.  Among diatom a lgae  we  f ind  P innular ia ,  w h i l e  green a lgae  are 
represented by s ingle-ce l led  forms of the  genus Chlorococcum. 

Fungi of t h e  genus Penic i l l ium developed i n  abundance on t h e  g r a n i t e  w i th  
I n  so lu t ion  and on t h e  s u r f a c e  of t h e  minerals,  t h e  complete n u t r i e n t  medium. 

many coccoid b a c t e r i a  and a s m a l l  number of diatom and green a lgae  are detected.  

J u s t  as abundant a growth of Penicil l ium and t h e  coccoid bacterium w a s  /85 
observed on a l l  incomplete n u t r i e n t  media containing an  adequate amount of or- 
ganic carbon and organic n i t rogen ,  w i th  the  missing elements added i n  t h e  form 
of minera ls ,  as w a s  seen on t h e  
This i n d i c a t e s  that i t  is poss ib l e  f o r  microorganisms t o  extract  the  missing ele- 
ments of nutriment from t h e  minerals. 

g r a n i t e  w i th  the  complete n u t r i e n t  medium. 

No fung i  grew on incomplete nutriment media wi th  traces of carbon and n i t -  
rogen and wi th  add i t ion  of certain minerals as the source of nutriment, b u t  
everywhere t h e r e  was  an appreciable development of coccoid b a c t e r i a  and diatom 
and green algae. 

I 

On a s o l i d  peptone-sugar agar medium, the b a c t e r i a  formed thick whitish 
co lonies  wi th  c l e a r l y  drawn edges. 

Two spec ie s  of Penic i l l ium w e r e  discovered i n  subinoculations onto a s o l i d  
peptone-agar medium. 
o r  d i d  so only weakly; t h e  second s t rongly  colored t h e  medium straw-yellow and 
brown. This fungus grew on muscovite, serpentine,  and a p a t i t e ,  and s t rong ly  
colored t h e  l i q u i d  i n  t h e  f l a s k s  and the  mineral  deposit .  
were discovered i n  any of t h e  f l a sks .  

One of them did  not customarily co lo r  t h e  n u t r i e n t  medium, 

N o  actinomycetes 

Table I11 gives t h e  analyses of the  weakly ac id  and weakly a l k a l i n e  e x t r a c t s  
from t h e  minerals subjected t o  microorganism action. 

- _ _ _ _  - - ___ ~- - 
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These minerals so subjec ted  are considerably more s o l u b l e  i n  weak a c i d  and 
a l k a l i  than the  minerals i n  a s te r i le  medium. 

Potassium s o l u b i l i t y  i s  p a r t i c u l a r l y  high. Orthoclase, muscovite, and bio- 
t i t e  y ie lded  approximately twice as much so lub le  potassium as d id  the cont ro l .  
An e spec ia l ly  l a r g e  amount of mobile potassium was  discovered i n  the g r a n i t e  
specimens inoculated wi th  microorganisms.(four t o  s i x  t i m e s  more than i n  the 
con t ro l ) .  
above t h e  con t ro l  i n  t h e  case of t h e  g r a n i t e  specimens. 
bulk i r o n  content w a s  dissolved i n  serpent ine  and 0.5% i n  b i o t i t e .  

Mobili ty of i r o n  is a l s o  g rea t ly  e leva ted ,  i.e., f i v e  t o  s i x  t i m e s  
Ten percent  of t h e  

S i l i c a  s o l u b i l i t y  i n  0.05 N N a O H  i s  low. Microscopic inves t iga t ions  ind i -  
cated t h a t  t h e  ske le tons  of t h e  diatom algae remained undissolved. It is  a l s o  
poss ib l e  t h a t  t h e  secondary clayey minerals containing Si0 

undergo d i s so lu t ion  i n  t h i s  treatment, but never the less  i n  a l l  cases a rise i n  
so lub le  S i 0 2  by a f a c t o r  of two t o  f i v e  t i m e s  over t h e  con t ro l s  

t h e  inocula ted  f l a s k s .  Aluminum oxides were asce r t a ined  i n  very s m a l l  quanti-  
ties, and only i n  g r a n i t e  specimens. 

and A1203 d id  n o t  2 

w a s  ev ident  i n  

The second series of experiments l a s t ed  f o r  t h r e e  months. Microorganism 
growth, as i n  t h e  f i r s t  case, began on the t h i r d  o r  fou r th  day a f t e r  inocula t ion .  
The microorganisms had reached t h e i r  maximum development by the end of t h e  f i r s t  
month. Fur ther  changes took p lace  only i n  several f l a s k s  wi th  an abundant 
growth of Penicil l ium. The so lu t ion  became yellow-brown and t h e  mineral  depos i t  
took on a cinnamon brown color.  

Table IV presents  the r e s u l t s  of the microscopic observations and t h e  
microscopic i n v e s t i g a t i o n  of t h e  group composition of t h e  microorganisms t h r e e  
months a f t e r  t h e  beginning of t h e  experiment. 

A s  i n  t h e  f i r s t  series of experiments, t h e  con t ro l  f l a s k s  were sterile. 

Microscopic i n v e s t i g a t i o n  revealed 
No changes pe rcep t ib l e  t o  t h e  eye occurred i n  
water and inoculated with microorganisms. 
a very s m a l l  amount of b a c t e r i a l  slime and i s o l a t e d  b a c t e r i a l  cells on t h e  sur -  
f ace  of t h e  minerals.  I n  several cases (g ran i t e ,  o r thoc lase ,  muscovite) diatom 
a lgae  of t h e  genera Navicula, Eunotia, Cocconeis, and Meriodion grew on t h i s  
su r f  ace. 

t h e  f l a s k s  containing mineral -k 

When b i t s  of Gyrophora l i chen  were added t o  t h e  mineral  t o  act as t h e  /88 
source of organic and mineral  substances, observation showed apprec iab le ' ge l a -  
t i n i z a t i o n  and r a t h e r  abundant deveJoprnent of t i n y  coccoid b a c t e r i a  both on the 
su r face  of t h e  mineral  p a r t i c l e s  and i n  the  so lu t ion .  Here, too, i n  most cases 
diatom a lgae  were present.  A g r e a t  number of t i n y  coccoid b a c t e r i a  (1.2-1.4 
microns i n  diameter) grew on t h e  minerals w i th  an incomplete n u t r i e n t  medium 
having traces of carbon and nitrogen, as w a s  a l s o  t h e  case i n  t h e  f i r s t  series 
of experiments. The colonies of t hese  coccoid b a c t e r i a  w e r e  surrounded wi th  
s l i m e  and covered a l a r g e  p a r t  of t h e  mineral sur face ,  a l s o  being encountered 
i n  s u b s t a n t i a l  quan t i ty  i n  t h e  so lu t ion .  Here, too, developed blue-gree , 
green, and diatom a l g a e  (Figure 1, 3a, c). P 
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TABLE V. RESULT OF SECONDARY NEW-FORMATION COUNT 

FOUND I N  10 VISUAL FIELDS 

N a m e  of Stained by Skeletons Grains of 
Micqo- Malachite Calcite of D i a -  Amorphous 

P a r t i c l e s  

Name of Obiect Organism Green Grains tom Algae S i l i c a  
---- -_-- Grani te  + H20 (Control) Steri le 17 4 

Grani te  + H20 + Gyrophora Bacteria 84 40 6 5 
Grani te  + H20 + C + N Bacteria 60 47 3 7 

---- Grani te  + H 0 (Inoculated) Bacteria 93  35 3 2 

Grani te  + Complete Nut- 
r i e n t  Medium 

346 62 7 31 

---- ---- ---- Orthoclase + H20 (Control) S t e r i l e  8 

a ted)  
---- ---- ---- Orthoclase + H20 (Inocul- Bac ter ia  19 

Orthoclase + H20 + Bacteria 34 
Gyrophora 

Medium Without 
Pot ass i u m  

Orthoclase + Nutr ien t  Fungi 43 

5 1 3 

3 ---- Orthoclase + Complete Fungi 42 22 
Nutr ien t  Medium 

When an incomplete n u t r i e n t  medium wi th  a normal conten t  of carbon and 
n i t rogen  w a s  added t o  t h e  minerals, fungi of t h e  genus Penic i l l ium grew along- 
s i d e  t h e  bac te r i a .  

Fungal growth i n t e n s i t y  and character were i d e n t i c a l  i n  t h e  f l a s k s  wi th  
incomplete n u t r i e n t  medium + mineral and i n  those w i t h  t h e  complete n u t r i e n t  
medium. 
t h e  f l a s k  and sporu la ted  w e l l  (Figure 1). 

I n  each case fungus co lonies  covered 80-90% of the bottom s u r f a c e  of 

Fungi grew wi th  e s p e c i a l  luxuriance on muscovite, b i o t i t e ,  and g ran i t e .  
There w a s  somewhat weaker fungal growth on or thoc lase .  

The minerals,  p a r t i c u l a r l y  p l a t e l e t s  of muscovite and b i o t i t e ,  w e r e  par- 
t i a l l y  enmeshed i n  a s o l i d  web of fungal hyphae and f loa t ed  toge ther  w i t h  t h e  
mycelium on t h e  sur face  of t h e  l i q u i d .  
on the  bottom of t h e  
su r face  of some granules -- p a r t i c u l a r l y  not iceably  on b i o t i t e  lamellae -- w a s  
g r e a t l y  corroded. J u s t  as i n  t h e  f i r s t  series of experiments, t h e  development 
of Penic i l l ium provoked yellow coloring i n  t h e  l i q u i d  and minerals,  p a r t i c u l a r l y  
s t rong ly  i n  the f l a s k s  containing muscovi te .  
lamellae w a s  covered with a yellow-brown, opaque, s l i g h t l y  g ranu la r  substance. 

A l a r g e  p a r t  of t h e  mineral  granules 
f l a sks  a l s o  bore  fungal hyphae on t h e i r  sur face .  The 

A l a r g e  p a r t  of the muscovite 
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Figure 1. Microflora Grown on Minerals Inoculated w i t h  Products of Grani te  
: Weathering. (a) Coccoid' Bacteria,  (b) Fungal Spores and Hyphae, ( c )  Diatom 

* Algae, (d) Colonies of S i l i c o n  Skele ta  of Protozoans, ( e )  Green and Blue-Green 
Algae, 2,3 etc., Flask Numbers. 

, 

15. 
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. 

* 

Orthoclase Control ' Orthoclase + Medium Orthoclase + Complete 
Without Potassium Nut r i en t  Medium 

Muscovite Control Muscovite t Mcdium 
Without Potassium Nut r i en t  Medium 

Muscovite + Complete 

B i o t i t e  Control B i o t i t e  +Medium B i o t i t e  4- Complete 
Without Potassium Nutr ien t  Medium 

Figure 2. Development of Penic i l l ium on Minerals 
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When examined under t h e  microscope, t h e  mineral  res idues  displayed t h e  for- 
mation of s m a l l  granules and aggregations of calcite i n  the f l a s k s  containing 
calcium e i t h e r  i n  t h e  mineral  composition o r  i n  t h e  n u t r i e n t  medium. The more 
abundant t he  microorganism growth, t he  grea te r  w a s  t h e  amount of calcite. A 
count of t h e  c a l c i t e  g ra ins  under a microscope showed t h a t  they formed n o s t  of 
a l l  on g r a n i t e  populated with b a c t e r i a ,  and p a r t i c u l a r l y  w i t h  fungi (Table V ) .  
A s i g n i f i c a n t  quant i ty  of calcite w a s  discovered on products of b i o t i t e  weathering 
(dolomite, which is c lose  t o  calcite i n  its o p t i c a l  p rope r t i e s ,  may a l s o  have 
p a r t i a l l y  been formed the re ) .  

, 

. /89 

I n  t h e  muscovite and orthoclase-containing f l a s k s  t h e r e  w a s  less c a l c i t e  
and it  showed up only i n  cases where t h e  n u t r i e n t  medium contained calcium. The 
c a l c i t e  g ra ins  w e r e  f o r  t h e  most p a r t  t i n t  (0.005 t o  O.Olimm i n  diameter), ir- 
regular  i n  shape, and wi th  evident cleavage only i n  t h e  l a r g e  examples. 

A malachite-green s t a i n  w a s  used on t h e  prepara t ions  wi th  mineral  p a r t i c l e s  
i n  order t o  determine o t h e r  secondary new formations. 

The malachite-green s t a ined  the  ind iv idua l  g ra ins  i n  t h e  f l a s k s  not inocu- 
l a t e d  wi th  microorganisms. 
t he  minerals had been populated by bac ter ia ,  o r  fungi  i n  p a r t i c u l a r .  
gives t h e  r e s u l t s  of counting t h e  s ta ined  g ra ins  i n  t e n  f i e l d s  of vision (with 
a uniform d i s t r i b u t i o n  of 0.001 gram of mineral depos i t  over an area of one 
square centimeter).  

The num3er of s t a i n e d  g ra ins  increased  g r e a t l y  i f  
Table V 

A p a r t i c u l a r l y  l a r g e  number of secondary minerals s t a i n e d  wi th  malachite- 

Orthoclase decomposes 
green was  de tec ted  i n t h e  products of g ran i t e  breakdown (20 t i m e s  more of them 
on g r a n i t e  wi th  Penic i l l ium than i n  t h e  con t ro l  f l a s k ) .  
t o  a considerably less degree ( the re  a r e  only f i v e  t i m e s  more clayey minerals 
on t h e  or thoc lase  wi th  Penic i l l ium than i n  t h e  con t ro l  flask),. 

The ind ices  of r e f r a c t i o n  f o r  t h e  grains s t a i n e d  blue-green i n  t h e  g r a n i t e  

The blue-green gra ins  on o r thoc la se  read 1.549 - 1.556, which 
specimens f luc tua ted  from 1.510 t o  1.543, which corresponds t o  b e i d e l l i t e  o r  
montmorillonite, 
corresponds to b e i d e l l i t e .  I n  one instance,  g ra ins  of a green color with  
n 1.560 w e r e  encountered -- apparently sericite.*' 

I n  t h e  products of g r a n i t e  and or thoc lase  weathering, moreover, i r r e g u l a r l y  
shaped amorphous g ra ins  of low r e f r a c t i v e  index (1.48) and b lue  s t a i n i n g  w e r e  
discovered. These are apparently amorphous s i l ica .  Some diatom a lgae  ske le tons  
a l s o  s t a i n e d  blue.  Table V g ives  the  count of diatom ske le tons  and g ra ins  of 
amorphous s i l i ca  i n  t h e  weathering products of g r a n i t e  and orthoclase.  On t h e  
g r a n i t e  specimens p a r t i c u l a r l y  populated by fungi,  a s u b s t a n t i a l l y  l a r g e r  num- 
b e r  of diatom ske le tons  and of amorphous s i l i ca  w a s  found than i n  or thoc lase  
weathering products. 

S ta in ing  of t he  muscovite preparations demonstrated t h a t  this mineral  had 
been subjec ted  t o  very severe decomposition. A s u b s t a n t i a l  po r t ion  of t h e  

* 'Diagnosis of clayey minerals by o p t i c a l  methods and s t a i n i n g  cannot b e  con- 
s ide red  absolu te ly  accura te  (Author's note) .  
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muscovite lamellae i n  t h e  f l a s k s  w i t h  b a c t e r i a l  microf lora  was  p a r t i a l l y  s t a ined  
greenish-blue. The index of r e f r a c t i o n  could be  determined on ind iv idua l  t i n y  
f l a k e s  and w a s  approximately 1.510. 
t h e  muscovite w a s  e n t i r e l y  s t a ined  a greenish-brown by t h e  malachite-green. It 
w a s  d i f f i c u l t  t o  a s c e r t a i n  the  r e f r a c t i v e  index of t h e  secondary new formations 
on the  muscovite, s i n c e  a l a r g e  p a r t  of the  su r face  w a s  covered with an opaque 
brownish organic substance. 
l a r g e  number of P innular ia  diatom algae,  forming whole co lonies  i n  p l aces  (Figure 
1, Nos. 16,  1 7 ,  18c). 
t h e  s i l i c o n  c y s t s  of protozoans i n  addition t o  diatom a lgae  (Figure 1, Nos. 16,  
17 ,  18). 
c a l c i t e .  

On t h e  specimens wi th  fungal microflora,  

The products of muscovite weathering revealed a 

Flasks 16 and 1 7  (muscovite and Penicillium) contained 

H e r e  w e r e  a l s o  found g ra ins  of amorphous s i l i ca  and t i n y  c r y s t a l s  of 

The products of b i o t i t e  weathering contain no secondary new formations a t  
a l l  except r a t h e r  frequent c a l c i t e  gra ins ,  coarse and wi th  well-marked cleavage. 
An elongated amorphous body wi th  a l o w  r e f r a c t i v e  index c l o s e  t o  that of opa l  
w a s  l ikewise  found here.  
g r e a t l y  eroded appearance, e spec ia l ly  at the ’  sites of fungal  hyphae accumulations 
(Figure 1, No. 21a). 

/90 
The su r face  of t h e  b i o t i t e  lamellae very o f t e n  had a 

Table V I  p resents  da t a  on aqueous and a l k a l i n e  e x t r a c t s  from weathering 
products of g ran i t e ,  o r thoc lase ,  muscovite, and b i o t i t e .  Only potassium w a s  
found i n  t h e  aqueous e x t r a c t s .  The g r a n i t e  specimens exposed t o  t h e  a c t i o n  of 
coccoid b a c t e r i a  (Flasks 2 ,  3, 4 )  exhibited a s i g n i f i c a n t l y  l a r g e r  quan t i ty  of 
water-soluble potassium than d id  the  g r a n i t e  speciroen s i t u a t e d  i n  s ter i le  cir- 
cumstances (Flask 1). 

The b i o t i t e  weathering products exhibited the  same pa t t e rn .  

I n  the or thoc lase  and muscovite specimens t h e  quan t i ty  of water-soluble 
potassium is  approximately the  same i n  the  s ter i ie  f l a s k s  as i t  i s  i n  those with 
fungal  and b a c t e r i a l  microf lora ,  
i n  t h e  f l a s k s  wi th  abundant fungal and b a c t e r i a l  microf lora  may be explained by 
t h e  f a c t  t h a t  a s u b s t a n t i a l  p a r t  of t h e  potassium l i b e r a t e d  i n  decomposition of 
t h e  minera ls  i s  s i t u a t e d  i n  t h e  microorganism bodies and 
t h e  aqueous extract. 

The s l i g h t  amount of water-soluble potassium 

does no t  pass i n t o  

The degree of breakdown of a luminos i l ica tes  may be  judged from t h e  quant i ty  
of S i 0 2  and A1 0 2 3  
assert t h a t  a l l  secondary clayey minerals d i s so lve  i n  5% of a l k a l i  and t h a t  t h e  
f igu res  obtained represent  t he  t r u e  quant i ty  of s i l i c o n  and aluminum oxides 
l i b e r a t e d  during weathering, b u t  t h e  f igu res  quoted are i n d i c a t i v e  enough of t h e  
comparative c h a r a c t e r i s t i c  tendency of  the ind iv idua l  minerals and rocks t o  wea- 
the r .  A comparison of t h e  concentrations of Si0 and A1 0 dissolved i n  a l k a l i e s  

i n  t h e  c o n t r o l  f l a s k s  and i n  those inoculated with microorganisms shows t h a t  i n  /92 
a l l  cases  t h e  con t ro l  f l a s k s  conta in  s u b s t a n t i a l l y  fewer oxides so luble  i n  a l k a l i e s  
than do t h e  f l a s k s  wi th .bac te r i a1 ,  and p a r t i c u l a r l y  fungal,  microflora.  The mus- 
cov i t e  s e t t l e d  by fungi decomposed most heavily.  Under condi t ions  of an incomplete 
n u t r i e n t  medium where i t  replaced the  i n s u f f i c i e n t  potassium ( f l a s k  1 4 )  9.2% of 
t h e  bulk content of Si02 and 8.5% of the  bulk content of A1 0 
a l k a l i n e  e x t r a c t .  

18 

passing i n t o  an a lka l ine  e x t r a c t .  To be su re ,  w e  cannot 

2 2 3  

passed i n t o  t h e  2 3  
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Under condi t ions  of a complete nu t r i en t  medium (Flask 15) ,  the quan t i ty  
of Si0 and A 1  0 2 2 3  

passing i n t o  t h e  ex t r ac t  i s  somewhat less, bu t  never the less  

. s u b s t a n t i a l .  

Grani te  s tands  i n  second p lace  i n  regard t o  degree of s o l u b i l i t y  of Si02 

and A1203. 

of Si02 and A 1  0 t o  a lesser degree than does t h e  growth of fungi.  I n  t h e  

l a s t  case, t he  appreciable q u a n t i t i e s  of aluminum oxides s o l u b l e  i n  alkalies 
(3.08% of bulk content)  i n d i c a t e  t h e  breakdown of a luminos i l ica tes .  
f o r  t he  s i l i c a  d isso lved  i n  a l k a l i e s  i s  s i g n i f i c a n t l y  reduced, because i t  is  
computed from t h e  bulk content of Si0 

s i l i ca  of t he  quar tz .  

A s  on muscovite, t h e  development of b a c t e r i a  favors  t h e  l i b e r a t i o n  

2 3  

The f i g u r e  

i n  t h e  g r a n i t e  without sub t r ac t ing  t h e  2 

The decomposition of b i o t i t e  under the a c t i o n  of microorganisms, par t icu-  
l a r l y  when fungi are developed, is a l s o  r a the r  appreciable.  Orthoclase i s  least 
of a l l  sub jec t  t o  microorganism ac t ion ;  its degree of s o l u b i l i t y  i n  a l k a l i e s  
rises l i t t l e  i n  t h e  inoculated f l a s k s  over t h e  cont ro l .  

The earlier presented r e s u l t s  of microscopic i n v e s t i g a t i o n  of secondary 
new formations on d ive r se  minerals are i n  good agreement wi th  t h e  f ind ings  of 
t he  aqueous and a l k a l i n e  e x t r a c t s .  

The Role of Fungi i n  Mineral Decomposition Processes and i n  

Formation of  Organic Matter 

The series of experiments c i t e d  have ind ica ted  t h a t  p e n e c i l l i a  i nhab i t ing  

The coccoid b a c t e r i a  l i v ing ,  together wi th  them break down minerals 
t h e  weathering products of g r a n i t e  exe r t  t h e  g r e a t e s t  decomposing e f f e c t  on 
minerals.  
t o  a lesser degree. 

To c l a r i f y  t h e  mechanism of t h e  ac t ion  of fungi on minerals,  w e  made ob- 
se rva t ions  of t he  change i n  pH of nu t r i en t  media a f t e r  t h e  e f f e c t  of micro- 
organisms grown on minerals.  
and contained a l a r g e  amount of bases, potato-sugar and y e a s t  wort, t o  
be prec ise .  

The media used f o r  t he  experiment were non-buffer 

Table V I 1  l i s ts  the  r e s u l t s  of e lec t romet r ic  tests of pH before  and a f t e r  
t en  days of microorganism growth. 

It w a s  found t h a t  i n  a b a c t e r i a l  cu l tu re  the  pH remains unchanged o r  even 
rises somewhat -- t h e  medium becomes s l i g h t l y  a lka l i zed .  Penic i l l ium,  on the  
cont ra ry ,  which i s  l i b e r a t e d  by var ious  minerals d r a s t i c a l l y  a c i d i f i e s  t h e  
medium i n  i t s  f i r s t  s t ages  of growth and reduces the  pH i n  some cases t o  3.5-3.8. 
During growth of t he  fungi,  t h e  co lor  of t h e  n u t r i e n t  media changed t o  lemon 
yellow and brown. 

The yellow and brown hue i s  a l s o  seen t o  appear during growth of fungi  on 
minerals.  Several  aqueous e x t r a c t s ,  the mineral  deposit ,  and, i n  p a r t i c u l a r ,  t h e  
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a l k a l i n e  e x t r a c t s  w e r e  t i n t e d  from l i g h t  yellow t o  dark yellow ( the  co lor  of 
s t rong  t e a ) .  

We attempted t o  c l a r i f y  t h e  na tu re  of t h e  colored ac ids  excreted by Peni- 
c i l l ium fungi  during growth. 
t he  s t a ined  aqueous and a l k a l i n e  e x t r a c t s  w a s  determined and t h e  organic  m a t -  
ter  w a s  f r a c t i o n a l l y  analyzed by t h e  method of I. V. Tyurin. 
f u l v i c  a c i d  f r a c t i o n s  w e r e  i s o l a t e d  and t h e i r  carbon content w a s  a sce r t a ined  
(we were unsuccessful i n  determining n i t rogen  because of t h e  s m a l l  q u a n t i t i e s  
of so lu t ion ) .  The carbon i n  t h e  mineral  res idue  a f t e r  treatment was  a l s o  
determined. Table V I 1 1  gives the  a n a l y t i c a l  r e s u l t s .  

For t h i s  purpose, t h e  t o t a l  carbon content of 

The humic and 

/94 

The aqueous e x t r a c t s  were co l&r le s s  i n  most cases. I n  t h e  e x t r a c t s  
s t a ined  straw-yellow, a small quan t i ty  (2.6-4.4%) of t h e  o r i g i n a l l y  introduced 
carbon w a s  detected,  bu t  t he  most highly colored aqueous e x t r a c t  from a mus- 
cov i t e  specimen contained 10% of t h e  o r i g i n a l l y  introduced carbon. The bulk 
of the  newly-formed organic substances passed over i n t o  t h e  subsequent a l k a l i n e  
e x t r a c t .  
s t a ined  from yellow t o  brown i n  color.  In  subsequent n e u t r a l i z a t i o n  and addi- 
t i o n  of sodium s u l f a t e ,  almost a l l  cases s a w  t h e  p r e c i p i t a t i o n  of a dark-brown 
f loccu len t  res idue  resembling t h a t  of humic ac ids .  Like t h e  la t ter  i t  i s  com- 
p l e t e l y  so lub le  i n  a l k a l i e s .  
t i o n  of humic ac ids  showed t h a t  t h i s  f r a c t i o n  conta ins  from 1.0 t o  3 . 7 %  of 
t h e  carbon introduced when the  experiments w e r e  set up. I n  only one case i n  
t h e  g r a n i t e  specimen w a s  t he  humic ac id  f r a c t i o n  lacking. 

A l l  t h e  a l k a l i n e  e x t r a c t s  from minerals with fungal  microf lora  w e r e  

A determination of t h e  carbon i n  an a l k a l i n e  solu- 

A f t e r  p r e c i p i t a t i o n  of t h e  humic acid, t h e  f i l t r a t e  containing the  f u l v i c  
ac id  f r a c t i o n  -- 
w a s  bo i l ed  down and the  carbon the re in  was a l s o  determined. The carbon con- 
c e n t r a t i o n  i n  t h i s  f r a c t i o n  f l u c t u a t e s  considerably i n  t h e  d i f f e r e n t  specimens. 
The g r e a t e s t  quan t i ty  of f u l v i c  acid was i s o l a t e d  from t h e  f l a s k s  with wea- 
thered muscovite (26-27% of the  carbon tha t  w a s  introduced a t  t h e  beginning 
of the  experiment). 
15% of t h e  carbon w a s  detected i n  t h e  f u l v i c  ac id  f r a c t i o n  i n  t h e  a l k a l i n e  
e x t r a c t ,  b u t  t h e  preceding aqueous ex t r ac t  from t h i s  specimen had been an in- 
tense  yellow and 10.6% of the  carbon had been found i n  i t .  
t h a t  h e r e  p a r t  of t h e  f u l v i c  ac ids  had dissolved i n  t h e  water. 
t he  f u l v i c  a c i d  carbon i n  aqueous and a l k a l i n e  s o l u t i o n s  h e r e  is  about 26% 
and is  c l o s e  t o  t h e  rest of t h e  f i g u r e s  f o r  f u l v i c  ac ids  evolved from muscovite 
specimens. 

usua l ly  l i g h t e r  i n  color than t h e  i n i t i a l  a l k a l i n e  s o l u t i o n  -- 

I n  specimen 6 (muscovite + complete n u t r i e n t  medium) only 

It is  evident 
The t o t a l  of 

A somewhat smaller, bu t  s t i l l  s u b s t a n t i a l ,  quan t i ty  of f u l v i c  ac ids  passed 
i n t o  t h e  a l k a l i n e  e x t r a c t  from specimens of b i o t i t e  and g r a n i t e  (15-22%). A 
very s m a l l  amount of f u l v i c  ac id  (2.8-4.4% of t o t a l  carbon) w a s  ex t r ac t ed  from 
specimens of weathered or thoc lase ;  the a l k a l i n e  e x t r a c t  h e r e  w a s  very weakly 
colored. 

A comparison of t h e  f ind ings  on fu lv i c  ac id  concentration i n  products of 
mineral  weathering (Table VII I )  wi th  the amounts of Si02 and A1203 passing i n t o  

t h e  a l k a l i n e  so lu t ion  (Table V I ) ,  a s  well  as wi th  t h e  r e s u l t s  of ca l cu la t ing  the  
secondary new-formations, shows t h a t  the degree of decomposition of t h e  minerals 
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i s  d i r e c t l y  dependent on t h e  quant i ty  of f u l v i c  ac ids  formed during development 
of t h e  fungal microflora.  

We noted above t h a t  Penic i l l ium grown on mineral  weathering products s t rong ly  
a c i d i f i e s  t h e  medium. The pH va lues  which we  found (3.5-3-6) are c l o s e  t o  t h e  
same ones derived by V. V. Ponomareva f o r  f u l v i c  
d i a l y s i s .  

ac ids  subjec ted  t o  e l ec t ro -  

Many i n v e s t i g a t o r s  have s tud ied  t h e  a c t i o n  of organic ac ids  ex t r ac t ed  from 
pea t ,  humus, o r  duff on various minerals (experiments by Meshcherskiy, Niklas,  
Nikiforov; w e  c i te  a f t e r  K. D. Glinka, 1931) .  

I n  some cases, e.g., i n  Meshcherskiy's research, a s i g n i f i c a n t  so lven t  
capacity w a s  discovered i n  the  organic acids of s o i l  humus. I n  o the r  cases, 
as, f o r  example, i n  the s t u d i e s  by Nikiforov and i n  t h e  experiments of Remezov 
and h i s  co l l abora to r s ,  minerals t r e a t e d  w i t h  aqueous extracts from duff were 
no t  observed t o  dissolve.  

I n  a l l  these  cases t h e  inves t iga to r s  d id  not  opera te  wi th  f r e e  organic 
po r t ion  /95 ac ids ,  bu t  with t h e i r  salts  derived from r e a c t i o n  wi th  t h e  mineral  

of s o i l s  o r  wi th  t h e  ash elements of t he  duff.  
podzolicizing processes i n  s o i l s  pointed ou t  t he  breakdown of minerals under 
t h e  e f f e c t  of c r e n i c  ac ids  excreted by fungi. 
V. R. Vil'yams has  been confirmed by the  experiments of V. V. Ponomareva (1947) 
who t r e a t e d  minerals with f r e e  e lec t rodia lyzed  f u l v i c  ac ids  ex t r ac t ed  from 
podzolic s o i l s .  
capab i l i t y .  

V. R. Vil'yams i n  studying 

Recently t h i s  p o s i t i o n  of 

I n  t h i s  case i t  w a s  found t h a t  they had s u b s t a n t i a l  so lven t  

I n  our experiments, t h e  r eac t ion  of aqueous e x t r a c t s  from specimens of 
weathered minerals i n  every case approached a n e u t r a l  reac t ion ,  and w a s  o f t e n  
weakly a l k a l i n e ,  while i n  a c u l t u r e  of fungi on n u t r i e n t  media not  containing 
minerals and poor i n  bases the  r eac t ion  became s t rong ly  ac id .  

The organic  ac ids  excreted by fungi (perhaps not  only t h e  f u l v i c  ac ids ,  
bu t  a number of o thers )  acted d i r e c t l y  and e f f i c i e n t l y  on minerals and pro- 
duced new organomineral complexes, and i n  t h e  meantime t h e  medium remained 
n e u t r a l .  

The quan t i ty  of carbon bound i n  humic and f u l v i c  ac ids  (ex t rac ted  a l k a l i )  
i n  our experiments f luc tua ted  from 5 . 4  t o  30.7% of t h e  carbon introduced. I f  
w e  f i g u r e  ou t  t h i s  quant i ty  of carbon i n  percentages of t h e  weight of t h e  min- 
eral  res idue ,  i t  amounts t o  0 . 4 3  t o  2.35% o r  from 0 . 7  t o  4.0% of the  humus. 
The carbon found i n  mineral  res idues  a f t e r  t h e i r  treatment w i th  a l k a l i  w a s  re- 
presented i n  p a r t  by a brown organic substance imparting co lo r  t o  t h e  minerals,  
and t o  a considerably g r e a t e r  measure by bodies of fungi  and b a c t e r i a  (it must 
be  noted t h a t  t h e  fungal and b a c t e r i a l  spores w e r e  a l s o  present  i n  the  las t  
two f r a c t i o n s ) .  

I n  a l l  cases, t h e  sum of a l l  t h e  carbon found i n  t h e  aqueous and a l k a l i n e  
e x t r a c t s  and i n  t h e  res idue  w a s  less than 50% of t h e  carbon introduced. 
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A s u b s t a n t i a l  p a r t  of t h e  carbon w a s  v o l a t i l i z e d  i n  the form of C 0 2  i n  t he  

r e s p i r a t i o n  process of t he  microorganisms. 
bases i n  t h e  minerals and produced t h e  a l k a l i  carbonates discovered i n  t h e  
aqueous e x t r a c t s  of mineral  weathering products by t h e i r  r eac t ion  w i t h  phenol- 
phthalein.  The newly formed alkaline-earth carbonates w e r e ,  as a l ready  noted 
above, discovered i n  t h e  mineral  res idue  i n  t h e  form of numerous t i n y  crystals 
and agglomerations of calcite.  

P a r t  of t h e  carbon combined wi th  

P a r t i c i p a t i o n  of Green and Blue-Green Algae i n  Calcite Formation 

I n  most of t h e  f l a s k s  of minerals inoculated wi th  g r a n i t e  weathering pro- 
ducts i n  our experiments, t he re  were s ingle-ce l led  green a lgae  of t h e  genus 
Chlorococcum and filamentous forms of blue-green algae. 

I n  order  t o  v e r i f y  whether a lgae  always are present  on t h e  su r face  of 
weathered rocks i n  the  n i v a l  region, w e  placed b i t s  of weathered g r a n i t e s ,  
limestones, and d i o r i t e s  i n  a ten-times d i l u t e d  H e i t l e r  n u t r i e n t  medium. 
Abundant a lgae  colonies grew on a l l  the inoculated specimens. 

I n  a microscopic examination of t h e  a lgae ,  numerous and var iega ted  aggre- 
Many of t h e  ga t ions  of c a l c i t e  w e r e  found t o  be  included i n s i d e  t h e  colonies.  

aggregations had t h e  form of o o l i t e s  connected i n  twos o r  i n  w h i l e  groups 
(Figure 3, N o .  2).  
overlapping each o the r  l i k e  scales were encountered j u s t  as o f t e n  (Figure 3, 
No. 2); when crushed they f e l l  i n t o  four  or  more wedge-shaped agglomerations 
(Figure 3 ,  N o .  2a). 

l i k e  a s h e l l  cons is t ing  of l a r g e  c r y s t a l s  or i n  t h e  form of symmetrically 
arranged scale agglomerations wi th  a bridge i n  t h e  middle (Figure 3, No.  3) .  
The c a l c i t e  concretions o f t en  occupied more than 50% of t h e  area of t h e  prepara- 
t i o n s  having a lgae  colonies.  
f i l aments  of green-blue a lgae  (Figure 3, No. 4). 

Radially rayed concretions cons is t ing  of t i n y  c r y s t a l s  

I n  some cases t h e  calcite w a s  excreted i n  t h e  form of concretions seemingly /97 

Sometimes i n  t h e i r  s h e l l  form they surrounded 

The co lonies  of green and, i n  p a r t i c u l a r ,  of blue-green a lgae  w e r e  almost 
always surrounded by b a c t e r i a l  s l i m e ,  i n  t h e  midst of which could be d i s t i n -  
guished cells of coccoid b a c t e r i a .  When t h e  ind iv idua l  c a l c i t e  concretions 
i s o l a t e d  from t h e  remaining m a s s  w e r e  dissolved i n  hydrochloric a c i d  and when 
s t a i n i n g  w a s  performed wi th  prepara t ions  wi th  e ry thros in ,  a l a r g e  number of 
coccoid b a c t e r i a ,  apparently included wi th in  t h e  calcite agglomerations, w e r e  
a l s o  discovered. 

Thus, i n  so lu t ions  containing calcium (He i t l e r ' s  medium) t h e  development 
of green and blue-green a lgae  and t h e i r  concomitant b a c t e r i a  i s  accompanied by 
t h e  massive formation of calcite. 

Calcite formation does not  proceed only i n  media containing calcium salts  
I n  a number of our experiments with g r a n i t e  and b i o t i t e ,  calcium i n  s o l u t i o n .  

and magnesium w e r e  p resent  only as minerals, bu t  never the less  calcite formation 
w a s  everywhere observed, although i n  l e s s e r  q u a n t i t i e s  than on Heitler's 
medium. 
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Figure  3.  New Formations of Calcite Amid Green and Blue-Green Algae. 
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. 
The r e s u l t s  of our mineralogical i nves t iga t ions  of t h e  weathering c r u s t s  

forming on t h e  su r face  of rocks i n  t h e  n iva l  region completely coincide wi th  
labora tory  experiments. 
rock weathering i s  usua l ly  confined t o  colonies of green and blue-green algae.  
Filaments 
c a l c i t e  c r y s t a l s  (Figure 3, N o .  4).  

The massive accumulation of calcite i n  products of 

of blue-green a lgae  are o f t e n  enclosed as though i n  a case of t i n y  

The ques t ion  of t h e  agent which plays t h e  p r i n c i p a l  r o l e  i n  calcite forma- 
t i o n  -- t h e  a lgae  o r  t h e  b a c t e r i a  l i v i n g  together w i th  them o r  both  organisms 
i n  equal degree -- remains open. 

It is  known t h a t  many a lgae  inhabi t ing  bas ins  of w a t e r  are capable of pre- 
c i p i t a t i n g  l i m e .  

I n  t h e  process of photosynthesis, they absorb carbon d ioxide  dissolved i n  

The su r face  of algae and the  s tones  on which they l ive on 
of water are o f t en  continuously inc rus t ed  wi th  t i n y  cry- 

water and create conditions f o r  t h e  t r a n s i t i o n  of bicarbonates i n t o  t h e  less 
so lub le  carbonates. 
t h e  bottom of bas ins  
stals of calcite. 

The r o l e  of b a c t e r i a  i n  c a l c i t e  formation has  a l s o  been repeatedly dis- 
cussed i n  t h e  works of microbio logis t s .  The research  of Nadson, Drew,  Molisch, 
Brussov, and o t h e r s  has  e s t ab l i shed  t h e  f a c t  t h a t  calcite i s  formed i n  cu l tu re s  
of several bac te r i a .  The forms of t h e  c a l c i t e  depos i t s  i n  Nadson's experiments 
are very similar t o  those obtained by us. 

B. L.  Isachenko (1948), while studying t h e  thermal spr ings  i n  Pyatigorsk 
and t h e  w a t e r  of Lake Sevan, discovered b a c t e r i a  which depos i t  calcium carbon- 
ate from so lu t ions .  I n  labora tory  experiments, B. L. Isachenko observed gradual 
c r y s t a l l i z a t i o n  of t h e  c o l l o i d  p r e c i p i t a t e  of calcium carbonate and t h e  forma- 
t i o n  of s p h e r u l i t e s  and o o l i t e s  of calcium inc luding  b a c t e r i a l  bodies. 

The f ind ings  of Bitler (we quote a f t e r  B. L. Isachenko) i n d i c a t e  t h a t  
depos i t ion  of C a C 0 3  on Rivulariacea algae occurs i n  t h e  s l i m e  formed by t h e  

b a c t e r i a  on t h e i r  sur face .  This a l s o  coincides wi th  Korinek's observations,  
who segregated calcite-forming b a c t e r i a  fromthe s u r f a c e  of blue-green algae. 

N. A .  Krasil 'nikov (1949) discovered i n  t h e  rhizosphere of t h e  h igher  
p l a n t s  b a c t e r i a  which are a b l e  t o  p r e c i p i t a t e  calcium carbonate. The massive /98 I 

overgrowth of rocks included i n  s o i l  layers by calcium carbonate i s  due t o  t h e  
a c t i o n  of these  bac te r i a .  

B. L. Isachenko (1948) advances the hypothesis t h a t  adsorption of CaC03 is  
t h e  source no t  only of carbon f o r  he te ro t rophic  b a c t e r i a ,  bu t  a l s o  of energy 
which is  re leased  i n  t h e  passage of co l lo id  CaC03 i n t o  t h e  c r y s t a l  state. 

w r i t e s  t h a t ,  j u s t  as green p l a n t s  bind carbon dioxide i n t o  organic substances,  
b a c t e r i a  and o the r  achlorophyllous microorganisms bind i t  i n  t h e  mineral  bodies 
which form them. 

H e  
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Poss ib le  P a r t i c i p a t i o n  of Green Algae i n  Agglomerations 

of Hydrates of I ron  Oxides 

I n  studying aggregations of hydra tes  of i r o n  6xides i n  the weathered c r u s t s  
of g r a n i t e  from t h e  n i v a l  region and i n  the l u s t r o u s  lacquered su r faces  of high- 
mountain varn ish ,  w e  as a r u l e  de tec ted  i n  them t h e  decomposed cells of green 
a lgae  s t a i n e d  by i r o n  oxides, and i n  spo t s  w e  found abundant aggregations of 
t i n y  diatom algae.  

Under labora tory  conditions,  w e  attempted t o  expla in  whether green 
p a r t i c i p a t e  i n  t h e  accumulation of hydrates of i r o n  oxides, o r  whether t h e  f a c t  
t h a t  they are confined t o  varn ish  c r u s t s  is as soc ia t ed  merely w i t h  t h e  b e t t e r  
humidifying conditions of t hese  sur faces .  

a lgae  

S m a l l  b u t  whole p ieces  of g r a n i t e  were taken f o r  the experiment, placed i n  
a H e i t l e r  medium (not containing i r o n ) ,  and inocula ted  wi th  green a lgae  of t h e  
genus Chlorococcum i s o l a t e d  from c r u s t s  of high-mountain varnish.  

I n  one and a h a l f  t o  two months, the  abundant development of a lgae  had 
\ 

begun. 
f i lm  and s e t t l e d  on t h e  w a l l s  and bottom of t h e  f l a sks .  

The a lgae  covered t h e  s u r f a c e  of the p ieces  of g r a n i t e  w i th  an unbroken 

A f t e r  t h e  l i q u i d  dr ied  up, the algae agglomerations became brown, and 
ocherous and reddish f i lms  l i k e  the "varnish" f i lms  observed i n  na tu re  formed 
on t h e  s u r f a c e  of t h e  p ieces  of g ran i t e .  

Inspec t ion  of these  f i lms  under the  microscope showed that they c o n s i s t  
e n t i r e l y  of dead a lgae  cells which are ocherous and red-brown i n  color.  
t h e  c e l l s  w e r e  t r e a t e d  on the  s l i d e  with hydrochloric ac id ,  w e  found an appre- 
c i a b l e  amount of i r o n  (according t o  t h e  r eac t ion  w i t h  ammonium thiocyanate).  
The quanti.ty of i r o n  contained i n  t h e  algae cells w a s  determined by removing 
t h e  p i eces  of g r a n i t e  from the  f l a s k s  and then a sce r t a in ing  t h e  weight of the 
mass of a lgae  remaining i n  t h e  form of fi lms on t h e  s i d e s  and bottom of t h e  
f l a sks .  Af t e r  c ine ra t ing  the  a lgae  ( i n  t h e  same f l a s k s )  and d isso lv ing  t h e  
ash i n  hydrochloric acid,  t he  i r o n  i n  the 
mined. 

i n  terms of dry weight. 

When 

f i l t r a t e  w a s  co lo r ime t r i ca l ly  deter-  

I n  t h e  second case 0.576-0.775% of Fe20g w a s  obtained. 

The twice-repeated test f o r  i r o n  i n  t h e  a lgae  gave about 1% of Fe203 

On t h e  b a s i s  of these  f ind ings ,  w e  consider i t  probable t h a t  green a lgae  

The i r o n  source,  as our experi- 
(possibly along wi th  o the r  i ron- f ix ing  organisms) play an active r o l e  i n  t h e  
formation of f i l m s  of h igh-a l t i tude  varnish.  
ments demonstrated, may b e  iron-containing minerals en te r ing  i n t o  t h e  composi- 
t i o n  of t h e  g ran i t e .  

Conclusions 

1. Microorganisms l i v i n g  on rocks i n  the  n i v a l  region of t h e  Cen t ra l  
Tien-Shan may use various primary minerals as sources of elements necessary t o  
l i f e .  
minera ls  en te r ing  i n t o  t h e  composition of g r a n i t e  may r ep lace  missing elements 
i n  n u t r i e n t  media (potassium, phosphorus, magnesium, etc.) without ham t o  t h e  
development of t h e  microorganisms. 

Muscovite, b i o t i t e ,  o r thoc lase ,  se rpent ine ,  apat i te ,  and a complex of 
/99 
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2. I n  t h e  process of microorganism growth, the minerals are decomposed 
and new minerals and organic minerals are formed. Diverse groups of micro- 
organisms -- fungi,  b a c t e r i a ,  diatom algae, and green and blue-green 
p a r t i c i p a t e  i n  t h e  processes of decomposition and secondary synthes is .  

a lgae  -- 

3. 
organic substances,prototrophic o r  o l igon i t rophy l l  microorganisms develop: 
diatom a lgae ,  green and blue-green algae,  and t h e i r  concomitant coccoid bac te r i a .  
The complex of t hese  microorganisms exerts a pe rcep t ib l e  decomposing e f f e c t  on 
minerals. 

Under conditions of insuf f ic iency  o r  complete lack of readymade 

4. Violent growth of fungi of t h e  genus Penic i l l ium a longs ide  t h e  above- 
mentioned microorganisms proceeds under conditions where t h e r e  i s  an adequate 
quan t i ty  of organic carbon and organic nitrogen. 
more i n t e n s e  breakdown of minerals than does t h e  combination of b a c t e r i a  and 
a lgae  . 

These fungi  cause considerably 

5. The d e s t r u c t i v e  e f f e c t  of fungal microf lora  on minera ls  i s  a s soc ia t ed  
wi th  t h e  exc re t ion  of various organic acids by t h e  fungi.  Some of t hese  ac ids  
are dark i n  co lor  and are inso lub le  i n  water, bu t  are s o l u b l e  i n  alkalies and 
are s i m i l a r  i n  their p rope r t i e s  t o  t h e  humic and f u l v i c  ac id  f r a c t i o n s  of s o i l  
humus. 

I n  a l l  t h e  cases which w e  inves t iga ted ,  a f r a c t i o n  s imi la r  t o  t h e  f u l v i c  
When t h e  " f u l v i c  ac ids  predominated i n  the  composition of t h e  organic ac ids .  

acids" a c t  on minerals,  t h e  la t ter  apparently decompose. 

6. Based on t h e i r  degree of s u s c e p t i b i l i t y  t o  t h e  d e s t r u c t i v e  a c t i o n  of 
microorganisms, t h e  minerals and rocks inves t iga t ed  may be  arranged i n  t h e  fol-  
lowing descending series: muscovite, b i o t i t e ,  o r thoc lase .  Granite is a l s o  
sub jec t  t o  apprec iab le  breakdown. 

7. The formation of secondary clayey minerals,  calcite, and amorphous 
Amorphous s i l i c a  proceeds along with t h e  breakdown of t he  primary minerals.  

s i l i c a  is present  c h i e f l y  as ske le tons  of diatom algae.  

8. Green and blue-green a lgae  and poss ib ly  the coccoid b a c t e r i a  accompany- 
ing  them p a r t i c i p a t e  i n  t h e  formation of secondary c a l c i t e .  

9. The accumulation of hydra tes  of i r o n  oxides i n  t h e  weathering products 
is as soc ia t ed  wi th  t h e  a c t i v i t y  of green a lgae  of t h e  genus Chlorococcum which 
are ab le  t o  s t o r e  up t o  1.0% of Fe203 i n  t h e i r  bodies ( i n  terms of dry sub- 

s tance)  under conditions where i r o n  i s  present  only i n  t h e  form of primary 
minerals.  
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